Using Eggleton's stellar evolution code, we carry out 150 runs of Pop I binary evolution calculations, with the initial primary mass between 1 and 8M ⊙ , the initial mass ratio q = M 1 /M 2 between 1.1 and 4, and the onset of Roche lobe overflow (RLOF) at an early, middle, or late Hertzsprung-gap stage. We assume that RLOF is conservative in the calculations, and find that the remnant mass of the primary may change by more than 40 per cent over the range of initial mass ratio or orbital period, for a given primary mass. This is contrary to the often-held belief that the remnant mass depends only on the progenitor mass if mass transfer begins in the Hertzsprung gap. We fit a formula, with an error less than 3.6 per cent, for the remnant (white dwarf) mass as a function of the initial mass M 1i of the primary, the initial mass ratio q i , and the radius of the primary at the onset of RLOF. We also find that a carbon-oxygen white dwarf with mass as low as 0.33M ⊙ may be formed if the primary's initial mass is around 2.5M ⊙ .
INTRODUCTION
Binary evolution plays an important role in the formation of many interesting stellar objects and binary evolution theory has been successful in solving many puzzles in the past. In particular, double degenerates, as possible supernovae Type Ia progenitors (Iben & Tutukov 1984; Webbink 1984) , are receiving more and more attention. The confrontation of the double degenerate theory of Iben et al. (1997) and Han (1998) with the observations of Marsh's group (Marsh 2000) shows a conflict between the theoretical and observational mass ratio distribution of double degenerates. An Algol-like phase is an important or even the main channel for the formation of double degenerates. The confrontation indicates that we need a systematic investigation of binary evolution with the onset of Roche lobe overflow (RLOF) in the Hertzsprung gap (HG).
Case-B binary evolution, in which mass transfer begins after central hydrogen exhaustion, has been studied in the past. Refsdal & Weigert (1969) and Giannone & Giannuzzi (1970) calculated several runs of case B evolution for low-mass binaries. Van der Linden (1987) Loore & Vanbeveren (1994; 1994; 1994) carried out non-conservative evolution (conservative evolution in some cases) for initial primary masses between 3 and 40M⊙. Sarna et al. (1996) investigated evolutionary scenarios for double degenerates. The evolutionary sequences calculated previously mostly cover different initial primary masses, initial orbital periods that make RLOF begin in the early HG, and only one or two initial mass ratios. Furthermore there is a lack of low-mass binary sequences.
A binary population synthesis of double degenerates (Han 1998 ) requires a detailed knowledge of binary evolution. In this paper, we investigate binary evolution with the onset of RLOF in the Hertzsprung gap in a systematic way. We calculate 150 runs of binary evolution with a rather complete parameter space, i.e. varying the primary's initial mass between 1 and 8M⊙, the initial mass ratio q = M1/M2 between 1.1 and 4, and the onset of Roche lobe overflow (RLOF) at early, middle, or late Hertzsprung gap. use of a self-adaptive non-Lagrangian mesh, the treatment of both convective and semiconvective mixing as a diffusion process and the simultaneous and implicit solution of both the stellar structure equations and the chemical composition equations including convective mixing. These characteristics make the code very stable and easy to use.
The current code uses an equation of state that includes pressure ionization and Coulomb interaction, recent opacity tables derived from Rogers & Iglesias (1992) and Alexander & Ferguson (1994a; , nuclear reaction rates from Caughlan & Fowler (1988) and Caughlan et al. (1985) , and neutrino loss rates from Itoh et al. (1989; .
Roche lobe overflow is treated within the code. It has been tested thoroughly and works reliably. Because the mesh-spacing is computed along with the structure, the inclusion of RLOF is almost trivial: just a modification of one boundary condition. The boundary condition is written as dm dt = C · Max 0, (
where dm dt is the mass changing rate of the star, rstar is the radius of the star, and r lobe the radius of its Roche lobe. C is a constant. With C = 1000M⊙/yr, RLOF proceeds steadily, and the lobe-filling star overfills its Roche lobe as necessary but never overfills its lobe by much: ( rstar r lobe − 1) < ∼ 0.001 In our calculation, we use a typical Population I (Pop I) composition with hydrogen abundance X = 0.70, helium abundance Y = 0.28 and metallicity Z = 0.02. We set α = l/Hp, the ratio of typical mixing length to the local pressure scaleheight, to 2. Such an α gives a roughly correct lower main sequence, as determined observationally by Andersen (1991) . It also reproduces well the location of the red giant branch in the HR diagram for stars in the Hyades supercluster (Eggen 1985) , as determined by Bessell et al. (1989) . A fit to the Sun also leads to α = 2 as the most appropriate choice (Pols et al. 1998) .
In our calculation, we just follow the evolution of the primary (initially more massive) component in a binary system, though the code can evolve both components quasisimultaneously as in some previous studies. The evolution of the primary is not affected as long as the binary does not come into contact. We assume that the RLOF is conservative in this paper. Non-conservative cases may be studied later.
The parameter space for the model grid is three dimensional -primary initial mass M1i, initial mass ratio
, and primary's radius R1 at the onset of RLOF. The initial orbital period is a function of M1i, qi and R1. Primary initial masses range from 1.0 to 8.0M⊙ at roughly equal intervals in log M1i (M1i = 1.0, 1.26, 1.6, 2.0, 2.5, 3.0, 4.0, 5.0, 6.3 and 8.0M⊙), the initial mass ratio from 1.1 to 4.0 (qi =1.1, 1.5, 2.0, 3.0, 4.0). log R1 has 3 values, log RMS + 0.1(log RHG − log RMS), 0.5(log RHG + log RMS) log RHG − 0.1(log RHG − log RMS), where RMS and RHG are the maximum radius on the main sequence and in the Hertzsprung gap respectively, for a given initial mass. The three values correspond to onset of RLOF at early HG, middle HG or late HG (see figure 1) . We have carried out 150 runs altogether. Figure 2 shows the evolutionary track of the primary in a Pop I binary system with initial parameters of M1i = 2M⊙, Table 1 . Characteristics of a binary with initial parameters of M 1i = 2M ⊙ , q i = M 1 /M 2 = 1.5 and P i = 2.551 days. The events a, b, c and d are the beginning of RLOF, minimum luminosity during RLOF, the end of the last episode of RLOF, and the end of the evolutionary calculation, respectively. The time t 1 is the age of the primary, M 1 is its mass,Ṁ 1 the mass transfer rate, T eff its effective temperature, L its luminosity, R 1 its radius, M He c its helium core mass, M CO c its carbon-oxygen core mass, and X H the hydrogen abundance at its surface. The mass ratio of the binary is q and P is the orbital period. Figure 3. Similar to figure 2, but for a binary system with initial parameters of M 1i = 2.51M ⊙ , q i = 2 and P i = 2.559 days (middle HG).
RESULTS
qi = M1/M2 = 1.5 and Pi = 2.551 days. Table 1 lists some characteristics for the binary at the beginning of RLOF, at minimum luminosity during RLOF, at the end of the last episode of RLOF, and at the end of the evolutionary calculation. We have calculated the evolution of 150 binaries Crosses are for binaries with initial mass ratio q i = 4, circles are for binaries with initial mass ratio q i = 1.1, 1.5, 2, or 3. The square is for M 1i = 1.26M ⊙ , q i = 3 and P i = 0.8234 days and the triangle M 1i = 7.94M ⊙ , q i = 3 and P i = 3.152 days. . Similar to figure 6, but for binaries with initial mass ratio q i = 1.1 Figure 10 . Similar to figure 9, but with q i = 1.5 c 0000 RAS, MNRAS 000, 000-000 binary evolution 5 Figure 11 . Similar to figure 9, but with q i = 2 Figure 12 . Similar to figure 9, but with q i = 3
and tabulate them in the Appendix. Figures for the other binaries can be obtained by contacting ZH. As seen from figure 2, there are typically three episodes of the RLOF. When the primary fills its Roche lobe in Hertzsprung gap, mass transfer begins, and the masstransfer rate quickly rises to 10 −7 M⊙yr −1 . Mass transfer almost ceases as the primary leaves the Hertzsprung gap but resumes with a rate of 10 −7 M⊙yr −1 when the primary evolves to the base of red giant branch (RGB) (point b in figure 2, at which the primary has the lowest luminosity during the RLOF). The second episode ends when the primary starts to contract as its envelope mass decreases after the tip of RGB, and the third episode begins when the star expands a little more owing to a further burst of hydrogen burning. After the third episode, the star evolves to a helium white dwarf and cools. Note, however, that not all our 150 runs exhibit 3 episodes for RLOF. Some may have only one episode (figure 3 for example), and others two.
Interestingly, our calculation shows that a low mass carbon-oxygen (CO) white dwarf (WD) may be formed as a result of Case B RLOF. Figure 3 displays the evolutionary track of the primary for a binary system with initial parameters M1i = 2.51M⊙, qi = M1/M2 = 2 and Pi = 2.559 days. The primary evolves to a helium white dwarf after the RLOF. Helium is, however, ignited in the centre of the WD as it cools (see the loops in the left part of the top panel of figure 3 ). We are unable to follow the helium burning to its end, because the code breaks down owing to the high degree of degeneracy of the WD. But a substantial carbonoxygen core has developed already before the the calculation stops. At this point we have a white dwarf of 0.33M⊙ with a carbon-oxygen core of 0.11M⊙. Initial parameters of M1i = 2.51M⊙, qi = 1.1 and Pi = 2.748 days lead to a 0.38M⊙ white dwarf with a 0.21M⊙ CO core, but again the code breaks down during helium burning of the WD. A 0.43M⊙ white dwarf with a 0.31M⊙ CO core is obtained from the evolution of a binary with initial parameters of M1i = 2.51M⊙, qi = 1.1 and Pi = 2.748 days. In this case the code completed helium burning without difficulty so this is the true final state of the WD. Figure 4 shows mass ratios when the primaries with different initial parameters reach the base of the RGB during RLOF. Almost all our 150 binaries reach the point via stable RLOF. Only the binaries with initial primary mass of 1M⊙ and initial mass ratios qi ≥ 2 experience unstable RLOF. This is because the low-mass primaries have convective envelopes at the beginning of RLOF which is then dynamically unstable, and the code breaks down. Mass ratios reach q < 0.75 at the base of the RGB for almost all binaries with initial primary mass M1i ≥ 1.26M⊙ and with initial mass ratio q ≤ 3 (see, however, the square and the triangle in figure 4 for two exceptions). RLOF after the base of the RGB for such binaries is stable. Mass ratios are greater than 1.86 at the base of the RGB for all the binaries with initial mass ratio qi = 4. RLOF on the RGB is unstable for such binaries and the code breaks down. As seen in figure 4, all mass ratios are either larger than 1.5 or less than 0.75. Our calculation shows that RLOF on the RGB is stable for binaries with q < 0.75, and unstable for binaries with q > 1.5. In order to know the critical mass ratio below which the RLOF on the RGB is stable we carried out several calculations for binaries with initial primary mass M1i = 1.58M⊙ and with the onset of RLOF at the base of the RGB and find that q ≤ 0.8 leads to stable RLOF while q ≥ 0.85 leads to unstable RLOF.
Here we are more interested in the relation between the remnant mass of a primary and the initial parameters of the binary, because such a relation helps us to understand the mass of white dwarf that results from stable RLOF in the HG. Figure 5 displays the remnant masses: each cross is for a binary, and the solid line is for binaries with initial mass ratio qi = 1.5 and onset of RLOF at middle HG. We see that the masses scatter around the solid line by ±22 per cent. This means that the remnant (WD) mass is dependent on the initial mass ratio qi and the primary's radius R1 at the onset of RLOF (or the initial orbital period Pi), as well as on the initial mass M1i of the primary.
As shown by figures 6, 7 and 8, the remnant mass gets smaller if the initial mass ratio is bigger. This is because a high mass ratio leads to a high mass-transfer rate, and RLOF therefore takes a shorter time and gives a smaller core mass when the primary's envelope is totally stripped off.
As seen from figures 9, 10, 11 and 12, the remnant mass gets larger if RLOF begins later in the HG. This is simply because the core mass grows as the primary evolves in the HG.
For qi = 1.5 and middle-HG RLOF, the remnant mass M 1f can be fitted, with an error of 1.3 per cent for 1M⊙ ≤ M1i ≤ 8M⊙ by
where m 1f = M 1f /M⊙ and m1i = M1i/M⊙. We have found a more general fit for the remnant mass as a function of M1i, qi and R1 but with an error of 3.6 per cent for 1M⊙ ≤ M1i ≤ 8M⊙ and 1.1 ≤ qi ≤ 3:
where
and
The coefficients C i,j,k (i = 1, 5; j = 1, 3; k = 1, 3) are given in table 2, and D is defined below. D ≈1, 2, and 3 correspond to early-HG, middle-HG and late-HG RLOF (see figure 1):
and D2 = 0.285 + 1.06 log m1i + 0.822(log m1i) 2 .
DISCUSSION
Van der Linden (1987) and de Loore & Vanbeveren (1994) have calculated conservative Case-B evolution of intermediate mass binaries, though only for one or two mass ratios. However, it is not possible to compare our results with theirs in a one-to-one way, as none of their binaries has exactly the same initial parameters (primary mass, mass ratio and orbital period) as any of ours. But we do make a comparison and find that our results agree with theirs reasonably for binaries with initial primary mass less than 4M⊙. The difference between our results and theirs is small and is mainly due to the following differences between our work and theirs. We use the OPAL opacity tables (Rogers & Iglesias 1992) while van der Linden used the LAOS ones. The treatment of RLOF in our code is different from theirs. Ours is more efficient in computation, but theirs may be more realistic physically. We do not include convective core overshooting but de Loore & Vanbeveren (1994) do. And, perhaps more importantly, our stellar evolution code is different from theirs. For binaries with initial primary mass larger than 5M⊙, there exist very large differences between our results and theirs. For example, the hydrogen abundance at the primary's surface is almost zero after RLOF in our model for a binary with initial parameters of M1i = 5M⊙, qi = 1.1 and Pi = 22.52 days, while the hydrogen abundance of a similar binary in their model is about 0.2. The timescale of RLOF in our model is much larger than that in their model. This is explained as follows. For a binary with its primary initially more massive than 5M⊙, the primary fills its Roche lobe in the Hertzsprung gap and RLOF begins. The primary becomes a red giant during the RLOF, and its envelope is stripped away gradually. When the envelope is very small, the primary contracts and becomes a helium star (but with a hydrogen-helium envelope). Helium is ignited in the centre and the star expands after central helium is exhausted. The star becomes a red giant again and fills its Roche lobe and the second episode of RLOF begins. At the end of the second episode of RLOF, the surface hydrogen abundance becomes zero obviously. Van der Linden (1987) and de Loore & Vanbeveren (1994) have only followed the first episode of RLOF and they stop the evolution when the central helium is exhausted. We have followed the two episodes and our calculation is terminated when the primary becomes a helium WD or carbon-oxygen WD in most cases. Therefore the timescale of RLOF in our model (the time between the onset of the first episode of RLOF and the end of the last episode by our definition) is much larger than that of van der Linden (1987) and de Loore & Vanbeveren (1987) .
Most of the double degenerates observed by Marsh's group (Marsh 2000) have primary masses less than 0.5M⊙ and they are thought to be helium WDs. Our calculation shows that a low mass (as low as 0.33M⊙) carbon-oxygen WD may be formed from stable RLOF in HG, so that some of the presumed helium WDs may actually be carbonoxygen WDs.
In order to get better consistency with observations, Iben et al. (1997) use a rather large common-envelope ejection efficiency in their binary population synthesis studies. They assume that RLOF in the HG is always dynamically unstable and that RLOF leads to the formation of a common envelope. Our calculation shows however that RLOF is very likely to be stable, even if the initial mass ratio is as large as 3. If the initial mass ratio is even larger, RLOF is stable at the beginning and part of the primary's envelope is transferred to the secondary before the RLOF becomes dynamically unstable. If the process of RLOF is treated as common-envelope evolution, as by Iben et al., a high efficiency is required for common-envelope ejection.
Most of the previous studies treated binaries with only one or two initial mass ratios and with the onset of RLOF early in the HG only. Our study is more comprehensive in that our calculation is for a rather complete space of initial parameters. It has been believed that the WD mass derived from the RLOF does not depend much on the initial mass ratio or the initial orbital period (De Greve 1993). However, our investigation shows that the dependence is quite significant. Therefore the binary evolutionary models in this paper should be included in any realistic binary population synthesis model.
To obtain a copy of all the evolutionary tracks (similar to figure 2), all tables for characteristics of RLOF (similar to table 1), and equations 3 to 8 in FORTRAN code, please send an email to ZH who will provide them via ftp.
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APPENDIX A: RLOF FOR ALL THE BINARIES
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